Here we report the spectrally and spatially resolved cathodoluminescence of diamond nanoparticles using focused fast electron beams in a transmission electron microscope. We demonstrate the possibility of quickly detecting various individual colour centres of different kinds on wide areas (several micrometres square) contained in nanoparticles separated by subwavelength distances. Among them, nanoparticles containing one or more neutral nitrogen-vacancy (NV 0 ) intensity maxima have been seen, attributable to individual emitters. Thanks to a spatial resolution which is solely limited by charge carrier diffusion in the case of a fast electron (80 keV) setup, the spectra of two individual NV 0 emitters separated by 80 nm inside a nanoparticle have been spatially discerned. A shift of the zero phonon line (ZPL) between the two emitters, which we attribute to internal stress, is shown to arise even within the same nanoparticle. Detailed emission spectra (ZPL, phonon lines and Huang-Rhys factor, directly linked to the relaxation energy of the colour centre) in 51 individual NV 0 centres have been measured in 39 particles. The ZPL and Huang-Rhys factor are found to be measurably dispersed, while the phonon energies keep constant.
Introduction
Colour centres in diamond have been studied for decades [1] [2] [3] . In more recent years, extensive and thorough studies have focused on individual centres or group of centres in small nanoparticles or bulk [4] [5] [6] [7] [8] [9] [10] [11] . This renewed interest has been fuelled by the sheer number of potential applications. Indeed, most of these centres share competitive characteristics compared to other fluorophores such as dyes [12] or quantum dots [13, 14] . Colour centres in diamond have, even at room temperature, high photostability [3] and high quantum yields, can be engineered to not blink in small particles [15] , and are biocompatible, making them particularly attractive for biological applications [14, 16] . Moreover, they can be single photon emitters [3, [9] [10] [11] 17] , which is the case of the highly studied nitrogen-vacancy (NV) centres. This makes them serious candidates for quantum computing and cryptography applications. For this reason, detailed knowledge about luminescence of colour centres and their precise characterization in arbitrary environments are fundamental for future developments. For biological marking, the signal to noise ratio of the detected spectra and the sensitivity for single particles are important for marker (colour centre) differentiation and site-specific localization (inside a cell, for example). For single photon sources, spatially resolved optical measurements are necessary in order to address single quantum emitters, from one perspective, and to understand their properties and interactions with a matrix, cavity, or other nearby emitters. As diamond has to be in the form of nanoparticles for most applications and/or individual centres have to be isolated, high spatial resolution, possibly subwavelength, techniques have to be used. Moreover, spectral resolution is also demanded if the source must produce indistinguishable photons [18] , for material characterization purposes [19, 20] or to unveil fundamental physical effects [21] . Recent developments in stimulated emission depletion microscopy (STED) [5, 22] have allowed the observation of single emitters down to 5 nm resolution. Unfortunately, this latter technique is not genuinely a spectroscopic technique. The detailed information that can be extracted from spectra, usually formed by a zero phonon line (ZPL) followed by phonon replicas, is thus not recovered. Photoluminescence (PL) [1] [2] [3] and cathodoluminescence (CL) [20, [23] [24] [25] have been used extensively in the past. The PL has been shown to identify individual centres diluted on a micrometre scale [3] , but the technique is intrinsically diffraction limited. CL studies reported high throughput spectroscopic detection of colour centres, but the ensemble average might lead to a blurring of individual centres' fine structures. Subwavelength spectral characterization of individual centres has never been reported to the best of our knowledge.
Colour centres are punctual defects, created by the presence of substitutional or interstitial atoms or vacancies in different configurations. For example, the NV centres are formed by a substitutional nitrogen (N) atom bonded to a vacancy (V). Defects in semiconductors can drastically change their mechanical [26, 27] and electrical properties [28] . Cathodoluminescence has been extensively used to study defects in semiconducting materials, such as dislocations [29, 30] and boron doping atoms [31] . The particular emission signature of dislocations in diamond has also been studied using cathodoluminescence [24, 25] .
Here, we report subwavelength spatially and energy resolved measurements of colour centres in nanodiamond particles using a cathodoluminescence system in a scanning transmission electron microscope (STEM). With this system, hyperspectral cathodoluminescence images have been acquired. By making use of the combined spatial and spectral resolutions of our setup, we demonstrate the measurement of the full spectra for two different types of individual centre separated by less than 50 nm in a single nanoparticle. We then perform a detailed analysis of the spectra of different NV 0 (neutral NV) centres within individual nanoparticles. We evidence how the ZPL emission wavelength can shift from one site to another on a deep subwavelength scale, while the phonons' replicas basically keep the same energy. Finally, performing an analysis on 51 individual NV centres, we evidence a marked change of the so-called Huang-Rhys S factor-a quantity closely related to the relaxation energy of the defect.
Materials and method
Measurements have been performed at around 150 K in a scanning transmission electron microscope (STEM) VG 501 HB operated at 80 kV (unless otherwise stated) and equipped with a cold field emission gun. Typical currents of 1 nA have been used. Typical probe sizes used have been 1 nm. In a hyperspectral imaging cathodoluminescence experiment, the fast electron beam is scanned over the sample of interest, which has to be thin enough (typical thickness below 200 nm) to be electron transparent. At each beam position, two different kinds of signal are collected in parallel. Firstly, signals related to the structure of the sample can be collected, the bright field signal (BF) at small scattering angle, and the high angle annular dark field (HAADF) signal at high scattering angles. Of particular interest is the HAADF signal, which is to a good approximation proportional to the projected mass under the beam. Synchronously with those, a cathodoluminescence spectrum, collected though a parabolic mirror and sent to an optical spectrometer is acquired. At the end of the scan, BF and HAADF images and a 3D data set, constituted by a spectrum in each pixel, can be reconstructed. This later can be processed a posteriori to produce intensity or more complex maps (as explained below). It is worth noting the capabilities and potentials of multisignal acquisition, which permits the correlation of spectral changes to structural variations and the tracking of spectral evolution as a function of position, as exemplified in figure 1 .
The spectrometer was calibrated using a mercury lamp. In all experiments shown, the dispersion has been set to 0.55 nm/pixel; this limits our absolute error in wavelength to 0.6 nm. The CCD was coupled to the scanning system of the electron microscope (in-house electronics) allowing the acquisition of spectrum images (that is, an image in which each pixel contains a full CL spectrum), following [32] . Spectrum image acquisition is important not only because it offers spatial and spectral resolution in the same data set, but also because it allows the tracking of the evolution of spectral features as a function of position. This enables the full-colour characterization of individual diamond nanoparticles and the observation of cathodoluminescence spatial variation within them. Moreover, as will be further explained, it opens the possibility of measuring physical quantities of colour centres separated by less than 50 nm within the same particle. The experimental setup has been recently shown to be capable of similar measurements in single GaN/AlN quantum emitters in nanowires [33] and to possess remarkable photon-collection efficiency. The resolution of the experiment, of the order of 4 nm in [33] , was shown to be mainly limited by the charge carrier diffusion length, and not by the probe size or probe broadenings, which are smaller than 1 nm at the high velocity of the electrons delivered by a STEM. It should be remarked that this would not be necessarily true in a scanning electron microscope setup (lower accelerating voltage results in a larger probe diameter and smaller penetration depth).
Two samples have been used: (a) one with polycrystalline diamonds (compressed in a mortar) with typical sizes above 100 nm (Aldrich), hereafter named A, and (b) one with monocrystalline submicrometre (below 300 nm) diamond particles, hereafter named B (Microdiamant 0.250 µm powder). No special treatment has been performed, other than dilution in pure water and dispersion on holey carbon films placed on a 3 mm copper grid.
Results and discussion
Our experiments can be separated into three groups which demonstrate different points: (1) section 3.1 describes large field of view analysis, which focuses on the fast identification of distinct colour centres; (2) section 3.2 depicts the presence of localized cathodoluminescence intensity maxima that can be attributed to individual centres, and the statistics of these maxima in the case of NV 0 centres; (3) finally, section 3.3 is dedicated to the analysis of the variation of the emission properties of individual NV 0 centres (emission wavelength, phonon replicas and S factor) within and between particles.
Large field of view analysis
To begin with, we have performed experiments over large fields of view (3-5 µm). In figure 1(a) we show the annular dark field (ADF) image of a 3.3 µm wide region of a sample containing a high density of diamond nanoparticles (NPs) of sample B. In this field, containing a few hundred NPs, a 128×128 (26 nm wide pixels) cathodoluminescence spectrum image, with 50 ms acquisition time per pixel and a total acquisition time of roughly 14 min, has been acquired. In this spectrum image four different emissions can be readily identified: a band around 400 nm, the H3 centre around 500 nm, the NV 0 with a zero phonon line (ZPL) at 575 nm and the 1.40 eV centre related to nickel at 885 nm [2] (blue, yellow, green and red spectra, respectively, in figure 1(c) ). The blue band is probably the so-called A band, which can be associated with luminescence from dislocations [2] . An accepted model for the H3 centre is a vacancy bound to two substitutional nitrogen atoms [2] . The spatial distribution of the intensity luminescence of each centre has been mapped in a false colour image ( figure 1(b) ), in which the colour code is the same as in figure 1(c) for individual spectra, showing luminescence from one or more centres present in different NPs. The intensity maps have been constructed by summing the intensity in each pixel within the observed emission range of each centre in the spectrum image (subtracting the background, depending on the case, by interpolating power law curves). The used wavelength ranges have been: 380-500 nm (blue, blue band); 500-560 nm (yellow, H3 centre); 570-700 nm (green, NV 0 ); and 880-910 nm (red, 1.40 eV centre). As we can directly compare the electron images (BF and ADF) to the luminescence map, we see that, markedly, only a small fraction of the NPs (a few tens, or roughly 10% of the total) are luminescent. This is expected, as no heat or radiation treatment (apart from high energy electron exposure during imaging) has been employed to create or activate colour centres in our samples, leaving only naturally occurring ones active. This experiment demonstrates this setup's capabilities to detect and discern single particles containing different colour centres over a wide area with fast acquisition times and high spectral resolution. It is important to note that it is the spectral resolution that prevents us from mistaking the tail of the H3 centre to higher wavelengths with an NV 0 signal.
Moreover, for a specific emission line, the incidence of luminescence is sparse, as depicted in figure 1. This is expected in raw materials where the density of colour centres is smaller than the inverse of an NP volume (less than one colour centre per particle). It is also a strong indication that the emission comes from individual or few colour centres (this point will be discussed in detail later on). In the case of NV centres, we have noted dispersion on the intensity of emission of different nanoparticles. This is most likely related to the luminescence mechanism: a fast electron beam creates charge carriers that diffuse in a volume of (λ d ) 3 where λ d is the diffusion length of the charge carrier. If a colour centre stays within this volume, charge carriers recombine radiatively. As the number of created charge carriers increases with increasing thickness of the NP along the electron path, the signal of an individual centre is dependent on the exact geometry of the nanoparticle, which can vary from one to another. respectively, with the integrated area shown in yellow and green in figure 2(b) , respectively. For the 1.40 eV centre, the total intensity is distributed throughout the NP, being more intense at its centre, where it is thicker (maximum marked by circles), as deduced from the HAADF signal. In contrast, the NV 0 emission is localized only at a specific position in the NP (marked by a cross). The maxima of both emissions do not occur at the same position (separated by (47 ± 8) nm), showing that they do not have the same origin. The occurrence of localized maxima of the NV 0 emission along with the observation that only a small fraction of particles emits light has led us to the hypothesis that we are observing single or few defects. These maxima have been characterized in 39 different NPs of both samples. The NV 0 emission is seen to be localized at single or multiple regions. For sample A, 15 particles have been measured, of which seven had one maximum, six had two, and two had three or more. For sample B, all 24 had a single localized maximum (two centres have been measured twice). This indicates that the natural occurrence of NV 0 is smaller in sample B. As an example of these particles, in figure 3 we show an HAADF image and the NV 0 intensity after the H3 background subtraction (performed by interpolation). The full-width at half-maximum (FWHM) of the emission region is 70 nm, while emission can be detected in a 170 nm circle. The presence of localized maxima inside the same particles, the high number of particles with a single maximum and the high number of particles without the NV 0 emission indicate that we are probably observing the luminescence originating from single centres. In addition, the intensity at two different maxima in the same particle (such as in figure 4 , described later) have the same amplitude, which would be expected if our hypothesis were true and the particles approximately had the same local thickness. That each nanoparticle has a constant thickness is proved by the HAADF signal. Also, we have performed complementary thickness measurements using a standard treatment of the low loss electron energy loss spectroscopy (EELS) spectra [34] . Concerning the intensity in the same particle, this is coherent with experiments performed on bulk diamond [3] , in which different centres have similar intensities. Regarding the number of particles that emit, different experiments [15, 35] have shown that only a small fraction of diamond nanoparticles emit in samples with small density of defects. This indication, associated with our current spectral and spatial resolution, opens the way to perform experiments envisaging the measurement of physical properties of single centres at close proximity. In particular, our typical spectra allow the measurement of the emission lines associated with phonon processes and the quantification of the Huang-Rhys factor, S (a quantity directly related to the relaxation energy [19] ), as will be described in section 3.3.
Emission properties and local variations: ZPL, phonon replicas and Huang-Rhys factor
The emission spectrum of the NV 0 centre (in figure 4 a background subtracted spectrum with 25 s exposure time is shown) is constituted by a ZPL and three discernible phonon-related emission lines. The ZPL typically occurs at 575 nm (2.156 eV), but we have observed shifts to higher and lower energies, as described later on. The three phonon lines are observed at 2.112, 2.063 and 2.017 eV (averages over the experiments described later on) with some variations also. The energies associated with these peaks (relative to the ZPL) are 44 meV, 90 meV and 139 meV, respectively (marked P1, P2 and P3 in figure 4 ). These energies have been measured by carefully fitting the emission spectra with Gaussian peaks. An example of a fitted spectrum is shown in figure 4 . Similar energies have been measured previously for these three peaks using cathodoluminescence and photoluminescence on bulk samples [20, 23, 36] . However, the exact origin of these phonons is not perfectly clear. These lines may be related to local vibration modes (LVM), which appear due to the introduction of the defect. Moreover, it is known that an acoustic mode at 75 meV and an optical mode at 160 meV [19] contribute to the phonon spectra of NV centres. However, we did not find evidence of peaks at these energies in our spectra. Recent simulations have shown that an LVM exists at 35 meV for the NV − (charged NV) centre, but it is not active due to symmetry considerations [21] .
As previously stated, in sample A we have observed the existence of particles containing more than one NV 0 intensity maximum that can be spatially isolated, which we attribute to more than one centre. In figure 5 , we show an example of such particles (ADF on figure 5(a) ). The ZPL from regions centred on each maximum (spectra in figure 5(b) ) can be seen to be slightly different (λ 1 = (573.5 ± 0.6) nm and λ 2 = (574.6 ± 0.6) nm). This shift may be attributed to strain differences between the two positions [1, 37] . ZPL shifts in bulk diamond due to natural strain (not externally applied) have been observed [37] . It is worth noting that in previous experiments on naturally strained nanoparticles only ensemble spectra were recorded, resulting, at best, in a splitting of the ZPL and at worst in a complete blurring of the phonon replicas. Thanks to the achieved spatial and spectral resolutions, such splitting and blurring can indeed be attributed to an averaging effect on shifted spectra, and not to a splitting and blurring arising at the single NV level. Also, it shows that, even in a single nanoparticle with two individual emitters, a shift in energy can be present. The intensity map of the NV 0 centre is shown in figure 5(c) , where two maxima can be seen separated by approximately 80 nm. This and the ZPL shift can be more clearly seen in a line profile ( figure 5(d) , a projection of the spectrum image along the line shown in figure 5 (c) between the two centres), in which the ZPL is observed to shift as a function of position (the maxima are marked by two arrows). We note that the phonon replicas shift in absolute value but their energy separations from their particular ZPL stay the same. Further evidence of the presence of two independent emitters is shown by multiple linear regression of the data using the two spectra in figure 5(b) as independent variables. The results show that the full spectrum image is well fitted by two components corresponding to spectra of figure 5(b) (added to a constant background) and that the coefficient of each component is peaked in spatially separated regions (figures 5(e) and (f)). These regions are also where the intensity maxima occur. This indicates that the luminescence originates from two different sources, which we attribute to two spatially separated individual NV 0 centres.
In addition to the change in the ZPL line wavelength, it can be seen that the intensity ratio between the ZPL and the phonon associated lines at lower energies is not the same in both centres ( figure 5(b) ). It is known [19] that the ratio between the ZPL and the total intensities is linked to the S factor (S = − ln(I 0 /I total )). For these two centres, the measured S values are S 1 = (3.2 ± 0.2) and S 2 = (2.9 ± 0.2). The variation of light transmission as a function of wavelength in our detection setup is smaller than our experimental error (around 1%) in the relevant wavelength range. The observed S variation shows that the physical properties of each emitter change. This could be related to strain effects, as in the ZPL shift observed. The strain effect (or any other possible cause) at the origin of the S change is directly linked to a local change in oscillator strength of the phonons that has not been reported previously to the best of our knowledge.
With this in mind, we have carefully fitted the emission spectra of 37 emitters in 28 particles, using multiple Gaussians, in order to measure their phonon associated peak wavelengths and the S factors. A detailed fitted spectrum is shown in figure 4 . First of all, this procedure allowed us to measure the energy associated with processes resulting in luminescence in the first, the second and the third phonon-related peaks (figures 6(a)-(c)), that is the energy differences between the ZPL and the phonon peak. These differences in energy do not change substantially (within our experimental errors) as can be seen in the histogram of figure 6(d) . The standard deviations for the ZPL energy (E ZPL ), the first peak energy (E P1 ) and the first phonon energy (E 1 = E ZPL − E P1 ) are σ ZPL = (2.6 ± 0.3) meV, σ EP1 = (2.7 ± 0.2) meV and σ E1 = (1.8 ± 0.2) meV, respectively. This indicates that the phonon-related processes are roughly the same and that it is the initial state that changes.
The fitted curves also allow us to measure the S factor of each emitter. The measured values vary from 2.3 to 4 with typical errors around 0.2 (limited by the subtraction of the background due to the H3 centres).
Once again, the S factor is related to the relaxation energy of the centre [19] . We are not aware of such systematic study of the S factor variation, because published results on the subject are sparse, and usually give a value between 2 and 3 on bulk materials [19, 39] . This variation of the S factor is probably linked to modifications in the local environment of the centre, which could be induced by strain, size or surface effects. The measured values for S and the ZPL for all centres measured are shown in figure 6(e) .
The presence of two NV 0 cathodoluminescence intensity maxima within the same particle with different physical properties is a strong indication for the identification of individual NV 0 centres. This is also strongly supported by the fact that we observed two different, well resolved, spectra at both positions.
We should point out that the discrimination of two colour centres separated by 80 nm is only possible due to the small carrier diffusion length in these nanoparticles, which prevents the excitation of distant centres, associated with the small thickness of the sample, which limits the fast electron beam spread to small volumes. Low loss EELS, using an estimate for the electron mean free path [34] at 80 kV, shows that particle thickness is fairly uniform within a particle and varies from particle to particle between 30 and 160 nm (in 15 measured particles). 
Emission time stability
Lastly, a final important point about these experiments is the stability of the NV 0 emission under electron irradiation. We have performed experiments with 100 kV electrons that show that the NV 0 centres are not stable, with luminescence ceasing suddenly (not continuously) and uncontrollably after a few minutes of exposure. On the other hand, most of the NV 0 are stable under 80 kV electrons even after 2-3 h of exposure. The same is true at 60 kV. This property allows the acquisition of high quality data, which would be unfeasible with unstable colour centres. Also, 60 keV is large enough to obtain an electron beam well below the 1 nm size, that will not significantly broaden or be absorbed by the relatively thin nanoparticles investigated.
Conclusions
We have explored the capabilities of cathodoluminescence in a STEM for the imaging of colour centres in diamond nanoparticles with high spatial and spectral resolutions. This high spatial resolution is only available because of the small thickness of the particles. The high collection efficiency of the system allows the fast acquisition (∼50 ms) of full spectra, enabling the full-colour imaging of diamond with high spatial resolution (in the nanometre range). This permits one to readily differentiate nanoparticles containing different colour centres. Furthermore, our data indicates that we are possibly capable of detecting single colour centres in diamond and of differentiating them by measuring physical properties such as the ZPL emission wavelength, phonon replica emission wavelength and S factor with sub-100 nm resolution and 1 nm sampling. This, we stress, is possible only due to the capability of fast acquisition of spectrally and spatially resolved data.
At first sight one would expect that similar results could be achieved in a SEM system, which nowadays can form electron probes significantly smaller than 10 nm. What probably makes for most of the contrast between the present results and previously published ones is the electron speed. This quantity is much smaller in SEM, which leads to a broadening of the probe within the sample and to heating effects, due to the absorption and diffusion of the incoming electrons in the true body of the sample. Thus, extension of our work to regular and widespread SEM might be possible with the condition of using the highest accelerating voltage and of the thinnest samples. CL spectral imaging thus emerges as a potential affordable alternative to pure optical methods to study individual emission centres with yet better spatial resolution. Even then, to the best of our knowledge, characterizations such as present here have not been performed in individual diamond nanoparticles containing themselves one or a few individual different colour centres.
These measurements may aid the characterization of colour centres and their development as single photon sources.
Finally, the ZPL wavelength, phonon energies and S factor measurements open ground to further model the physics of phonons/defects in diamond and more complex materials (such as polar covalent solids, e.g. BN [40] and SiC).
